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Abstract
Estuaries in the northern Gulf of Mexico (GoM) are undergoing profound alterations due
to changes in climate and implementation of coastal restoration activities and these may lead to
the increasing frequency of harmful algal blooms (HABs). The introduction of large volumes of
nutrient-rich, fresh Mississippi River water into nutrient-poor Lake Pontchartrain Estuary is
known to substantially change the chemistry and ecology of the estuary, and warm temperatures
paired with the persistent nutrient loading into the estuary supports the proliferation of
potentially toxic cyanobacteria blooms (CyanoHABs). Throughout 2019, a long-term opening of
the Bonnet Carré Spillway (BCS), initially from February to April then reopening from May to
July, introduced excess nutrients available for biological uptake in the estuary. To understand the
implications of timing and duration of BCS openings on CyanoHABs prevalence and toxicity in
Lake Pontchartrain Estuary, this study aimed to characterize key physical, chemical, and
biological conditions in the estuary as well as the diversity of potentially toxic pelagic
cyanobacteria and their toxin production in selected stations. Monthly samples were collected
and processed for water characterization, nutrients, pigments, microscopy, and “microcystin”
toxin analyses. Results indicate that the two historical successive openings of the BCS in 2019
had a major influence on the spatiotemporal dynamics of the 2019 CyanoHAB prevalence.
Particulate toxin concentration corresponded to the cyanobacteria biomass, but not equally. The
understanding and prediction of CyanoHABs in Lake Pontchartrain Estuary will greatly attribute
to the overall future health and understanding of not just Lake Pontchartrain Estuary but the
connected estuaries and lakes as well. Additionally, since the fate of CyanoHABs is reliant on
this nutrient loading and physical dynamics, the future effects of sources like the BCS and
connecting tributaries have on water systems’ quality and ecosystem can be further evaluated.
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Introduction
Estuaries are partially enclosed bodies of water that are transitional zones influenced by
both fresh and marine waters (Li et al., 2009). These areas are highly productive and contain
many primary producers which support secondary production throughout the coastal ocean
ecosystems (Nielson et al., 2004). Phytoplankton, important primary producers, are
photosynthetic microorganisms that act as the base of the food web and support diversity and
productivity in coastal, estuarine, fresh, and open waters. Therefore, their growth can act as a
reference for the overall productivity of their environments (Wissel and Fry, 2005).
Phytoplankton also can respond to anthropogenic and natural changes in their environment very
quickly due to their short generation time. Consequently, these changes in phytoplankton
communities reflect the underlying chemical and physical changes occurring in the system
(Hotzel and Croome, 1999).
Estuaries seasonally receive large volumes of freshwater, nutrients, and sediments from
nearby rivers and tributaries that promote primary productivity (Paerl and Justić, 2011).
However, due to anthropogenic flood control alterations, like levees, the network of connections
between estuaries and their complementary rivers and tributaries has greatly changed the
hydrology. This altered hydrology results in the introduction of excessive amounts of freshwater
and nutrients into these water bodies at unexpected times (Rozas et al., 2005). As a result,
phytoplankton blooms are increasing worldwide due to eutrophication of aquatic environments
(Paerl et al., 2001; Anderson et al., 2002; D’Anglada, 2015).
The relationship between the physical, chemical, and biotic factors ultimately determines
the abundance, diversity, and successional patterns of phytoplankton (Paerl et al., 2001).
Anthropogenic nutrient enrichment (both nitrogen and phosphorus) of freshwater lakes and
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estuaries has a direct impact on phytoplankton species composition and the formation of noxious
and toxic blooms as well as surface scums (Paerl et al., 2014). Cyanobacteria, also known as
blue-green algae, are prokaryotic microorganisms with photosynthetic abilities that occur
naturally in lake and estuarine systems. At normal quantities, cyanobacteria like other
phytoplankton pose little threat to the ecosystem. However, when abundant, cyanobacteria can
become problematic due to their ability to produce a variety of potent toxins (Paerl et al., 2001).
Two specific cyanobacteria species of global concern in estuarine and freshwater systems are
Microcystis and Dolichospermum (formerly known Anabaena) (Paerl and Huisman, 2008; Paerl
and Paul, 2011). Overall, the occurrence of both species is dependent on environmental
conditions such as excess nutrients, warm temperatures, and low turbidity. In addition, they
prefer lower salinity environments but are also known to have a high tolerance to salinity
(Reynolds & Walsby, 1975, Huisman et al., 2004, Visser et al., 2005; Tonk et al., 2007). Both
Microcystis and Dolichospermum spp. grow successfully in salinities up to 10-15 (Hoisander et
al., 2002; Orr et al., 2004; Verspagen et al., 2006). Microcystis spp. dominate when the system
has an abundance of dissolved inorganic nitrogen (DIN). Dolichospermum spp., however, can fix
atmospheric N and outcompete other species when dissolved inorganic phosphorus (DIP)
remains available but DIN becomes depleted in the water column (Thompson et al., 1994; Bargu
et al., 2011). In addition to the large input of nutrients, warm temperatures also support the
proliferation of these species. Optimal temperatures for cyanobacteria growth range from 20○C
to 30○C (Konopka and Brock, 1978; Robarts and Zohary, 1987).
When the growth of cyanobacteria becomes excessive, a global phenomenon known as
harmful cyanobacteria blooms (CyanoHABs) occurs (Paerl et al., 2001). Different cyanobacteria
species can produce a variety of toxins including hepatotoxins, cytotoxins, neurotoxins, and
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dermatoxins (Neilan et al., 2013), which have a broad range of negative impacts on public
health. Microcystins (hepatotoxin) are the most frequently reported of the algal toxins in
freshwater systems (de la Cruz et al., 2013) and can cause a large range of impacts on human
health such as gastrointestinal, neural, hepatic, or dermal irritation depending on the specific
toxin (Carmichael, 2001).
CyanoHABs are now a global phenomenon especially in calm, nutrient-rich estuarine and
freshwaters. Estuaries in the northern Gulf of Mexico (GoM) are undergoing profound
alterations due to changes in climate and implementation of coastal restoration activities and
these may lead to increasing frequency of CyanoHABs (Paerl et al., 2001, Bargu et al., 2010,
Riekenberg et al., 2015, Roy et al., 2016). Many areas in Louisiana are impacted by toxic
CyanoHABs including Lake Pontchartrain, New Orleans, LA, where blooms can occur due to
the opening of the Bonnet Carré Spillway (BCS) (White et al., 2009; Bargu et al., 2011; Roy et
al., 2016). Historically, the BCS has opened in 15 times since its construction in 1931 to protect
New Orleans from flooding of the Mississippi River during seasons of heavy rain (White et al.,
2009; USACE, 2020). Previous spillway openings have been associated with toxic cyanobacteria
blooms (Turner et al., 1999; Bargu et al., 2011; Roy et al., 2016). The introduction of large
volumes of nutrient-rich, fresh Mississippi River water into nutrient-poor estuarine Lake
Pontchartrain Estuary is known to substantially change the chemistry and ecology of the estuary,
and warm temperatures paired with the persistent nutrient loading into the estuary can support
the proliferation of CyanoHABs.
After the 2008 BCS opening (7.96 km3) Bargu et al. (2011) characterized the river plume
in the lake, monitored the collapse of the plume after the spillway closure, and examined the
response of the phytoplankton biomass and community composition to the environmental
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changes influenced by the Mississippi River water introduced by the BCS. This study was able to
observe and describe a phytoplankton community shift from diatoms and chlorophytes to toxic
cyanobacteria in the estuary after the closure of the BCS. However, it was not clear at the time if
the shift was due to the introduction of river water via the BCS or if it was a natural occurrence
due to other favorable environmental conditions later in the year for cyanobacteria such as
warmer temperatures, calmer water, and varying nutrient stoichiometry.
Roy et al. (2013) examined the ecological response after the 2011 spillway opening (21.9
km3), which was open for a total of 43 days from May 9 – June 20, 2011. In contrast to the
previous 1998 and 2008 openings, no CyanoHAB was observed after the closure.
Dolichospermum was unsuccessful in proliferating compared to previous years in Lake
Pontchartrain Estuary due to the diversion magnitude, timing, and plume dynamics associated
with the 2011 spillway event, which surpassed previous events (1997 and 2008) in total water
and nutrient loading, The paper highlights the complicated stimulus-response relationship
between N loading, hydrology, plume dynamics, and the formation of CyanoHABs in Lake
Pontchartrain Estuary. Furthermore, Roy et al. (2013) defines the complex set of parameters
(water residence time, timing, plume hydrodynamics, northern tributary discharge, weather, etc.)
which ultimately control an ecological response in Lake Pontchartrain Estuary.
On January 10, 2016, the BCS was opened once again (5.2 km3) to protect New Orleans
from a potential catastrophic flooding event driven by a historical early river pulse due to heavy
rainfall in central US in late 2015. The spillway was later closed on February 1 totaling 23 days
of diverted Mississippi River freshwater into Lake Pontchartrain Estuary. Sapkota et al. (In prep)
observed limited phytoplankton biomass (chl a concentration) due to the cold-water temperatures
associated with the early spillway opening preventing the growth and success of phytoplankton
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in the estuary. Since temperature prevented phytoplankton success, bioavailable N delivered by
the Mississippi River remained in the estuary for some time and eventually was discharged into
the coastal ocean. This earliest spillway opening on record (2016) dramatically indicated that
cooler water temperatures early in the year do not lend themselves to efficient transfer of
nutrients into the base of the food web.
In 2019, the BCS opened twice in the same year for the first time in history and for a
record total of 123 days. The two consecutive BCS openings in 2019 occurred on February 27 April 11 and again from May 10 - July 27 diverting 28.69 km3 of river water into the Lake
Pontchartrain Estuary (USACE, 2020). Large CyanoHAB occurrences were observed in the
estuary due to the long-term opening of BCS that introduced not only freshwater but excess
nutrients available to cyanobacteria in these warm months. The BCS opening twice in the same
year for the first time presented the opportunity to study the development of the 2019
CyanoHABs in Lake Pontchartrain Estuary using the same historical transect located in the
middle of the lake that was studied by White et al. (2009), Bargu et al. (2011), and Roy et al.
(2016). The understanding and prediction of CyanoHABs is something to be pursued by both
researchers and public health agencies alike since CyanoHABs negatively impact fisheries,
wildlife, and the public health. Characterizing the predictable key environmental conditions
leading to the proliferation of CyanoHABs in the Lake Pontchartrain Estuary would aid scientists
and agencies in predicting CyanoHABs in future spillway operations.
The goal of this study is to understand the variability on the timing and duration of the
Bonnet Carré Spillway opening and its impact on nutrient dynamics and CyanoHABs formations
and toxicity in the Lake Pontchartrain Estuary in 2019.Specific study objectives are (1) to
characterize key physical, chemical, and biological conditions in the estuary over time and space,
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and (2) to characterize the biomass, diversity, and toxicity of pelagic cyanobacteria and their
toxins in selected transect sites.
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Material and Methods
Study Area
The Lake Pontchartrain Estuary (Fig. 1) is a large, oligohaline estuary located north of
New Orleans, Louisiana. Lake Pontchartrain Estuary’s circulation is dominated by wind with a
surface area of 1637 km2, an average depth of 3.7 m, and a volume of 6 km3 (Turner et al.,
2004). Freshwater is introduced into the estuary via north shore tributaries, New Orleans urban
runoff, and the BCS (Turner et al., 2002). The BCS is a flood control structure located in the
southwestern region of the estuary and can temporarily connect the Mississippi River to the
estuary during a threatening river flood stage. The BCS is made up of 350 bays, which are
blocked by vertically placed railroad ties that are manually removed during flood stage. In the
event all bays are opened, it discharges fresh river water into the brackish lake at a design rate of
~7,000 m3 s-1 (White et al., 2009). Lake Pontchartrain Estuary exchanges water between the Gulf
of Mexico by two narrow outlets called the Rigolets and Chef Channel. There are also several
north shore tributaries influencing the hydrology of the estuary. The average residence time for
Lake Pontchartrain Estuary is ~57 days (Turner et al., 2004). Salinity in the lake ranges from 0 to
9 depending on river discharge and wind conditions. Higher values are in the central southern
region of the estuary (Li et al., 2008).
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Figure 1. Lake Pontchartrain Estuary water quality transect stretching from the Bonnet Carré
Spillway to the Lake Pontchartrain Causeway and three northern stations denoted by asterisks
(modified from Bargu et al. 2011).
Field Sampling and Analyses
Monthly water samples were collected from eleven stations along a 30 km transect
spanning from the inflow point of the BCS to the Lake Pontchartrain Causeway (Fig. 1) from
dates corresponding to before and during the openings, and after the closures of the BCS in 2019.
In late November 2019, additional samples from three stations (N1, N2, and N3, Fig. 1) located
in the northern region of the lake near the discharge of the Tchefuncte River were collected to
capture the most active bloom sites seen later in the year. At each station, field measurements of
the surface water were taken including depth, temperature, salinity, dissolved oxygen, and pH
via a Yellow Springs Instrument (YSI) multiparameter water quality meter. Secchi disk depth
8

was also recorded at each station to estimate water transparency and turbidity. Water samples (n
= 2 per station) were collected 10 cm below the surface from January to December 2019 for
NO3-N, NH4-N, and SRP analyses using acid-washed polyethylene bottles. Additional water
samples were collected between June and December 2019 for chlorophyll a (chl a) and
phycocyanin pigments, cyanobacteria toxin - microcystin, and dominant cyanobacteria species
microscopy observations. Both nutrient and biological samples were delivered the day of
collection on ice to Louisiana State University, Department of Oceanography and Coastal
Sciences for processing.

Nutrient and Total Suspended Solids
Upon returning from the field, 25 mL of surface water samples were vacuumed-filtered
through 0.45 µm membrane filters then analyzed for NO3-N (NO3- + NO2-, Method
353.2, USEPA, 1993), NH4-N (Method 350.1, USEPA, 1993), and SRP (Method 365.1, USEPA,
1993) with a Seal Analytical (Mequon, Wisconsin) AQ2 + discrete analyzer using standard
colorimetric methods. The measurement of NO3-N includes NO3- + NO2-, however, NO2 in the
water column in Lake Pontchartrain Estuary is negligible therefore the measurement will be
referred to as NO3. A measured volume of water was filtered through pre-ashed glass fiber filters
(GFF Gelman), dried at 60 °C, and weighed to determine total suspended solids (TSS). The
filters were then ashed at 550 °C to determine total volatile solids (TVS) by weight difference.
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Biological Laboratory Analyses
Biological samples were processed immediately upon arrival to the laboratory in dim
lighting to avoid light sensitive reactions. Chlorophyll a (chl a) pigment was determined for all
stations as a measure of phytoplankton biomass. Twenty-five to 100 mL sub-samples of surface
water were filtered through 25mm GF/F filters. Filters were then extracted for 24h in 90%
aqueous acetone at -20°C and subsequently analyzed for chl a using a turner fluorometer
(Parsons et al., 1984). Phycocyanin raw fluorescence units (RFUs) were measured using the
Turner CyanoFluor. RFU values were converted to phycocyanin concentrations (µg L-1) using a
standard curve created with phycocyanin (Sigma-Aldrich #P217210MG) dissolved in a
phosphate buffer. To distinguish dominant cyanobacteria species, water samples of 100 ml were
preserved in 2% glutaraldehyde immediately after the collection. This fixture was used for
microscopy to identify dominant, bloom forming species of cyanobacteria using an inverted
microscope. Water samples were also analyzed for the particulate and dissolved forms of the
cyanobacterial toxin microcystin. For particulate toxin, 50-100 mL water samples were filtered
through 0.2-µm GF/F filters (Whatman Inc., Clifton, NJ, USA) and kept at -20°C until
undergoing the extraction process. Filters were extracted for microcystin using a methanol:
water: acetic acid - 50:49:1, method previously described by Boyer (2008) with modifications
described by Garcia et al. (2010). For dissolved toxins, samples for the toxin measurement were
directly passed through a 0.02µm GF/F filter. Both particulate and dissolved toxins were
quantified using commercially available, highly sensitive enzyme-linked immunosorbent assay
(ELISA) kits (Abraxis LLC). Samples were analyzed following the protocol included in the kits,
with each sample run in duplicates and at several dilutions to reduce interference from matrix
effects. Absorbances were read using a microplate ELISA photometer.
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Data Analyses
Transect stations were categorized by either being in the plume (D2-T14) or outside of
plume, non-plume (T15-T19) stations based on total suspended solids (TSS) and temperature
measurements during the spillway opening. This plume is characterized as vertically well mixed,
colder, fresher, and more turbid in stations closer to the BCS compared to the rest of the estuary.
The river-like hydrology of the freshwater plume flows along the southern rim of the lake
eventually exiting into the Gulf of Mexico is driven partly by prevailing winds and the Coriolis
effect (White et al., 2009).
Significant dates related to the operation of the BCS during 2019 (before the opening:
February 17, during second opening: May 31 & July 9, immediately after second closure: July 29
& August 2, and post closures: August 22 & September 4) were selected to compare statistically.
A series of one-way ANOVA tests at an alpha level of 0.05 were used to indicate significant
differences between plume and non-plume stations’ nutrients, chlorophyll a and phycocyanin
pigments, and microcystin toxin concentrations. Furthermore, a Pearson correlation coefficient
test was performed to investigate the association among water quality parameters of interest.
Coefficients were reported between -1 and 1 to determine a negative or positive correlation. For
n = X, and r > X is significant at p = 0.05. All statistics were performed using Rstudio.
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Results
Bonnet Carré Spillway Freshwater Discharges
The two 2019 BCS openings led to the total discharge of 28.69 km3 of Mississippi River.
The first opening event had a discharge of 11.35 km3 from February 27 to April 11, 2019, while
the second opening totaled 17.34 km3 of discharge from May 10 to July 27, 2019 (Fig. 2). In
comparison, Lake Pontchartrain Estuary has an approximate volume of 6 km3 and a surface area
of 1637 km2. The river discharge volume associated with the 2019 BCS combined openings
could replace the entirety of Lake Pontchartrain Estuary volume approximately five times over
123 days. This river discharge was 1.3 times greater than the 2011, which represents the second
largest in the series of 12 previous openings. (Fig. 2).

Figure 2. Timing, rate, and total magnitude of Bonnet Carré Spillway discharge in 2019. Data
from the United States Army Corps of Engineers (https://www.mvn.usace.army.mil).
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Water Quality Characteristics of Lake Pontchartrain Estuary
Field measurements of salinity, water temperature, secchi disk depth (SDD), total
suspended solids (TSS), pH, dissolved oxygen (DO), nutrients, and chl a were taken to
characterize the water quality (Table 1). Water quality parameters of the transect stations were
greatly affected from BCS openings in 2019 (Fig. 3). Salinity was below 1 throughout the entire
transect in mid-February upon the opening of the BCS on February 27. Salinity in the transect
remained depressed throughout the summer and early fall as the spillway remained open 123
days of 2019 (Fig. 3a). The depressed lake salinity during the summer months was due to the
combined two openings of the BCS providing the lake with approximately 5 times more
freshwater (28.69 km3) than the basin typically holds (6 km3). Temperature was low from
February to April (15.78 ± 3.49°C), started to increase in late May (26.90 ± 2.33°C), and
remained high from June to October (29.52 ± 1.87°C) (Fig. 3b).
Prior to the opening, the SDD was 22.10 ± 2.55 cm. During the first opening, SDD
averaged 26.04 ± 2.55 cm while the second opening averaged 54.76 ± 33.27 cm with variability
between plume stations (D2-T14) and non-plume stations (T15-T19), which had a larger value
SDD. High secchi disk depth indicated clearer water column conditions during the late summer
(July 29) through October (134.62 ± 60.37 cm) due to no further Mississippi River discharge and
low wind velocities (Fig. 3c).
TSS before the BCS opening in the transect averaged 61.56 ± 8.58 mg L-1. TSS during
the first opening averaged 27.81 ± 14.51 mg L-1 with higher values in stations proximal to the
BCS. After the consecutive spillway openings, TSS values drastically declined basin-wide over
95% from before the spillway opening and averaged 3.24 ± 1.97 mg L-1 after the final closure in
late July to December (Fig. 3c). The higher sediment load during the first opening is related to
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increased sediment transport seen on the rising limb of the first flood pulse annually (Peyronnin
et al., 2017).
The pH throughout the transect prior to the spillway openings was 7.04 ± 0.23 with little
variation between plume and non-plume stations. During the first opening of the spillway, pH in
the plume stations averaged 7.26 ± 0.59 and 7.35 ± 0.18 in non-plume stations. During the
second opening, pH averaged 7.45 ± 0.15 in plume stations and increased to an average of 8.19 ±
0.15 within the plume stations. In the following weeks after the final closure of the BCS (July 29
– August 10), the pH in plume and non-plume stations increased in variation with averages of
8.24 ± 0.32 and 8.28 ± 0.27, respectively. From August 22 – December 5, 2019, the pH
decreased in both plume (7.53 ± 0.16) and non-plume (7.36 ± 0.25) stations. The higher pH
values are related to high productivity seen in the water column.
DO before the first BCS opening showed very little variation between plume and nonplume stations averaging 10.46 ± 0.42 mg L-1. However, during the first opening, DO
measurements in the plume stations were higher (10.34 ± 0.99 mg L-1) when compared to the
non-plume stations (7.35 ± 0.18 mg L-1). After the first closure, measurements were taken on
April 24th, DO average in plume stations was 10.58 ± 0.24 mg L-1, where there was an increase in
non-plume stations with an average DO concentration of 11.54 ± 0.35 mg L-1. During the second
opening, DO in plume stations decreased to 7.68 ± 1.22 mg L-1 while non-plume stations
averaged 11.21 ± 2.56 mg L-1. After the BCS final closure, from July 29 – August 10, the DO
concentration in the plume stations averaged 9.36 ± 2.81 mg L-1 and 10.87 ± 2.83 mg L-1 in the
non-plume stations. From August 22 – October 14, 2019, the variance in DO between plume and
non-plume stations decreased and the overall average DO was 7.65 ± 0.65 mg L-1. In the late
winter months of November and December, there was a measured increase in DO where the
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average was 10.52 ± 0.26 mg L-1 in non-plume stations. Plume station measurements are not
available for these months due to harsh weather conditions which prevented the accessibility to
these stations.
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Figure 3. Salinity (a), temperature (°C) (b), secchi disk depth (SDD) (cm), and total suspended
solids (TSS) (mg/L) (c) measured from February 2019 to December 2019 for all stations along
the historical transect in the Lake Pontchartrain Estuary. BCS stands for Bonnet Carré Spillway.
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The BCS opening introduced a large load of bioavailable nutrients into the nutrient-poor
Lake Pontchartrain Estuary. In total, the BCS opening in 2019 discharged 38,422 metric tons of
NO3, 1,921 metric tons of NH4, and 2,380 metric tons of SRP from the Mississippi River. The
first opening comprised 12,301 tonnes NO3, 615 NH4, and 728 SRP metric tonnes of the total
load. The second opening (35 days longer than the first opening) discharged between 1.5-2 times
more nutrients than the first with 26,121 metric tonnes of NO3, 1,306 metric tonnes of NH4, and
1,652 metric tonnes of SRP.
Both NO3 (p = 0.006) and SRP (p < 0.001) were significantly different between plume
and non-plume stations with plume stations (D2-T14) having higher concentrations of both
nutrients. Before the BCS was opened on February 27, NO3 concentrations averaged 39.15 ±
30.53 µM within plume stations and was eight times lower within non-plume stations at 5.14 ±
3.40 µM. SRP concentrations from this date averaged 1.90 ± 0.39 µM in plume stations and 1.27
± 0.27 µM in non-plume stations (Fig. 4 a,b). There were higher NO3 concentrations before the
spillway openings most likely because even when the spillway was closed, river water “leaks”
between the wooden timbers on the structure during high river flood stage (Huang et al., 2020).
During the first opening (February 27 – April 11), the large influx of Mississippi River
freshwater and nutrients resulted in an increase in both NO3 (89% in plume stations and 1104%
in non-plume stations) and SRP (-7% in plume stations and 56% in non-plume stations). NO3
concentrations in late March (27th) averaged 78.09 ± 5.7 µM within plume stations and 67.81 ±
4.39 µM in non-plume stations suggesting some mixing along stations. The corresponding SRP
concentrations were 2.14 ± 0.48 µM within the plume stations and 1.53 ± 0.10 µM in non-plume
stations of the transect (Fig. 4a,b). The BCS was closed first on April 11, 2019, but was reopened
on May 10, 2019, due to the persistently high Mississippi River water stage. During the second
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opening (May 31-July 9), NO3 concentrations peaked averaging 102.27 ± 5.88 µM in plume
stations and 43.01 ± 25.48 µM in non-plume stations. SRP measured from May to June remained
relatively constant over time averaging 2.53 ± 0.28 µM for plume stations and 1.05 ± 0.70 µM in
non-plume stations. In mid-July, a resuspension event was observed due to the physical
disturbance following the category 1 hurricane, Hurricane Barry. Hurricane Barry (July 11-15,
2019) made landfall in south-central Louisiana and resulted in peak storm surge of 4.3 ft in the
Lake Pontchartrain Estuary (Cangialosi et al., 2019). This resuspension event was more intense
in non-plume stations, which stretch into the mid-lake region with sediment identified as having
lower bulk density and a greater propensity for resuspension (Roy et al., 2017). Before the storm,
on July 9th, SRP concentrations in plume stations averaged 2.96 ± 0.29 µM and 0.22 ± 0.17 µM
in non-plume stations. The corresponding NO3 concentrations for July 9 were 101.20 ± 8.11 µM
for plume stations and 42.24 ± 3.19 µM for non-plume stations. After the storm on July 29th, the
SRP concentrations in the plume stations increased to 3.18 ± 0.39 µM and 2.54 ± 1.72 µM in
non-plume stations, which was a 10-fold increase at the mid estuary, non-plume stations. This
trend suggests that additional SRP was provided by sediment as large storm waves resuspended
the bottom sediments in the estuary also suggested in Roy et al. (2011). NO3, on the other hand
decreased at the plume stations (74.90 ± 15.84 µM) and increased at the non-plume (65.20 ±
19.73 µM) stations (Fig. 4 a,b). Therefore, the hurricane impact reduced the spatial variance of
the nitrate concentration through mixing but did not appreciably add NO3 to the water column
from sediment resuspension since nitrate is not stable in anaerobic sediments (Roy et al., 2011).
The BCS was closed for a final time for the year of 2019 on July 27th.
Shortly after the final closure, on August 2, a cyanobacteria bloom was observed
throughout the entire transect, and subsequently NO3 concentrations decreased to 41.96 ± 18.92
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µM within the plume and 36.00 ± 8.64 µM at non-plume stations likely due to the biological
uptake of nutrients associated with blooms. This was about a 45% reduction from before closure
in both plume and non-plume stations driven by phytoplankton uptake. Likewise, by August 2,
SRP concentrations were reduced by 74% within the plume (1.39 ± 0.53 µM) and non-plume
stations (0.67 ± 0.37 µM). Previously, researchers have noted that the primary NO3 loss
mechanism for Lake Pontchartrain Estuary is biological uptake rather than denitrification (Roy
and White, 2012).
The bioavailable nutrients became rapidly depleted, and the bloom quickly collapsed by
August 10. Compared to August 2, NO3 was further reduced by 99.9% (0.05 ± 0.08 µM) in
plume stations and 86% in non-plume stations (5.10 ± 4.71 µM). SRP concentrations in the
plume stations were reduced by 33% (0.93 ± 1.24 µM) while non-plume stations were reduced
by 70% (0.20 ± 0.10 µM) (Fig. 4 a,b).
NO3 concentrations remained low from late August to October where they averaged 1.88
± 2.49 µM in plume stations and 2.08 ± 2.53 µM in non-plume stations with no spatial
significance across the estuary. The same observation was made for SRP concentrations which
were 2.11 ± 0.51 µM in plume stations and 1.72 ± 0.30 µM in non-plume stations. These
nutrient concentrations indicate N-limiting water column conditions, which could favor N-fixing
phytoplankton communities. Roy et al. (2013) observed greater cyanobacteria abundance
associated with N-limiting conditions in both diversion (2011) and non-diversion (2012) years.
During November and December, water samples were only collected from the three
northern stations (N1, N2, N3) and the last three transect stations T17-T19 due to high-wind and
waves conditions which prevented the accessibility of the full transect stations. The average
nutrient concentrations of November-December samplings for transect stations was 14.86 ± 1.91
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µM for NO3 and 1.73 ± 0.35 µM for SRP. Comparatively, the northern station's average NO3
concentration was lower (8.48 ± 2.39 µM) while the SRP average was higher (2.15 ± 0.14 µM)
from November-December samplings. Differences in these concentrations are related to the
discharge of the Tchefuncte River proximal to the northern stations, which allowed for more
biological uptake and supported higher biomass.
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Figure 4. Soluble reactive phosphorus (SRP [PO43-], µM) (a), Nitrate (NO3, µM) (b), and
chlorophyll a (chl a, µg L-1) concentrations from February 2019 to December 2019 for all stations
along the transect in the Lake Pontchartrain Estuary. BCS stands for Bonnet Carré Spillway.
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Table 1 Water quality parameters for the transect stations in Lake Pontchartrain Estuary in 2019
for dates corresponding to before, during, and after the spillway openings.
Before First
Spillway Opening
(February 17)

During Second
Spillway Opening
(May 31, July 9)

Right After
Spillway Closures
(July 29, August 2)

Plume

Plume

Plume

0.19 ±
0.00

Nonplume
0.18 ±
0.02

Post Spillway
Closures
(August 22,
September 4)

Salinity

0.89 ±
0.52

Nonplume
1.89 ±
0.11

Plume

Non-plume

0.19 ±
0.00

Nonplume
0.18 ±
0.01

0.18 ±
0.02

0.13 ± 0.01

Temperature
(°C)

16.26±
1.43

16.28 ±
0.13

26.82±
2.05

30.12 ±
1.01

29.98±
0.78

29.52 ±
0.61

30.67±
0.57

30.54 ±
0.64

Secchi Disk
Depth (cm)

22.45±
2.28

21.59 ±
2.84

41.28±
12.87

82.04 ±
24.76

75.44±
11.75

89.41 ±
23.63

183.09±
62.93

172.97 ±
48.00

TSS (mg L-1)

61.74±
10.68

61.28 ±
3.59

21.17±
18.03

4.12 ±
4.52

5.45 ±
2.28

2.84 ±
1.43

2.14 ±
1.36

1.78 ± 0.52

pH

7.06 ±
0.29

7.00 ±
0.06

7.45 ±
0.17

8.23 ±
0.11

8.26 ±
0.39

8.26 ±
0.30

7.52 ±
0.20

7.40 ± 0.25

NO3 (µM)

39.15±
27.87

5.14 ±
2.77

100.17±
5.49

31.43 ±
17.34

58.43±
22.92

50.60 ±
19.67

0.36 ±
0.23

2.78 ± 2.43

NH4 (µM)

3.31 ±
1.22

4.31 ±
2.87

1.18 ±
0.95

3.20 ±
1.56

1.32 ±
0.67

0.92 ±
0.16

1.27 ±
0.71

2.74 ± 2.35

SRP (µM)

1.90 ±
0.39

1.27 ±
0.27

2.63 ±
0.40

0.81 ±
0.28

2.28 ±
1.01

1.60 ±
1.56

1.73 ±
0.40

1.67 ± 0.30

Chl a (µg L-1)

2.85 ±
1.57

5.53 ±
1.61

6.38 ±
8.00

33.87 ±
16.65

22.03±
15.23

27.82 ±
12.99

7.98 ±
5.54

7.50 ± 2.87

Data are mean ± standard deviation.

CyanoHAB Formation
Pigment and toxin concentrations were measured to study the development of the
CyanoHABs during the summer of 2019. During the first opening, biological activity was
suppressed as depicted by chl a values remaining low at 4.78 ± 3.99 µg L-1 throughout March.
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After the first closure, chl a concentrations averaged 4.84 ± 0.64 µg L-1 on April 24. Chl a
concentrations averaged 13.45 ± 14.98 µg L-1 during the second opening (May-July) with higher
concentrations in the non-plume stations (T15-T19). Chl a concentration peaked during the
second opening on July 9 (24.44 ± 20.80 µg L-1) and again on August 2 (34.92 ± 11.36 µg L-1)
right after the final closure (Fig. 5a). Near the end of August, the bloom collapsed and chl a
concentration averaged 5.93 ± 3.02 µg L-1 for August 22, 2019, in the transect.
Similar to chl a, the highest cyanobacteria biomass (indicated as phycocyanin pigment
concentration (PC)) measured in the transect was during the second opening and again right after
the second spillway’s closure. PC averaged 292.81 ± 340.02 µg L-1 on July 9 during the second
opening. Immediately after the spillway’s final closure, the PC declined to an average of 133.04
± 97.42 µg L-1 on July 29, 2019. Phycocyanin data for August is incomplete due to the
CyanoFluor being out of service; however, chl a data shows a peak in phytoplankton biomass in
that month. September 4 and 18, 2019, PCs averaged 188.24 ± 157.27 µg L-1 throughout the
transect. On October 14, the PC averaged 101.16 ± 32.87 µg L-1. PC measured in the non-plume
stations in the transect (T17-T19) during December was relatively low (30.07 ± 14.78 µg L-1)
compared to cyanobacteria biomass seen in the northern stations (446.84 ± 444.14 µg L-1).
High cyanobacteria biomass in the transect correlated with cyanotoxin, microcystin,
production (Fig. 5b and c) in warmer and calmer months from July to October 2019; however, it
did not do so equally. Microcystin concentration within the transect ranged from 0.002 - 0.245µg
L-1 between July and September, while in October and December, they ranged from 0.005 0.372 µg L-1 in the transect and 0.008 - 0.582 µg L-1 in the northern stations (Fig. 5c). The
highest measurement of microcystin in the transect was 0.3716 µg L-1 on October 14 from
station T14 and corresponded to a PC of 90.42 µg L-1. The highest measurement of microcystin
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from the northern stations was 0.5817 µg L-1 on December 5 from station N1, which
corresponded to a PC measurement of 841.77 µg L-1. The highest PC concentration measured in
the transect (T11) was 896.14 µg L-1 on September 4 and with a corresponding MC particulate
concentration of 0.2972 µg L-1. The highest PC concentration measured from the northern
stations was 1136.52 µg L-1 at station N1 in December with a corresponding microcystin
concentration of 0.017 µg L-1, indicating lower intracellular toxin concentration in northern
stations compared to non-plume transect stations. Corresponding cyanotoxin (microcystin)
production to high PC values seen in December was generally low for both the transect (0.06 ±
0.4 µg L-1) and northern stations (0.13 ± 0.22 µg L-1) (Fig. 5c).
Overall, non-plume stations had higher dissolved MC concentrations compared to plume
stations (Fig. 5d). The highest measured dissolved MC was on October 14 (0.002 µg L-1) from
non-plume station T15 with a correlating particulate toxin concentration of 0.07 µg L-1. In
comparison, dissolved MC in north shore stations peaked on November 21 and averaged to 0.02
± 0.0001 µg L-1 with correlating particulate toxin concentration of 0.07 ± 0.11 µg L-1. Although
northern stations intracellular toxin was comparatively low, the extracellular or dissolved toxin
was higher in northern stations.
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Figure 5: Phytoplankton biomass indicated with chlorophyll a (chl a) (µg L-1) (a) from February
2019 to December 2019, and cyanobacteria specific pigment phycocyanin (PC) (µg L-1) (b) and
corresponding particulate and dissolved microcystin toxin concentrations (MC) (µg L-1) (c) from
July 2019 to December 2019 for all stations along the historical transect grouped by plume (D2T14) or non-plume stations (T15-T19) including the three additional stations (starting from
November 2019) in the northern region of the Lake Pontchartrain Estuary. Shaded areas denote
BCS opening periods. n.m. denotes no measurement.
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Microcystis and Dolichospermum were the two dominant, toxin-producing cyanobacteria
species during the 2019 CyanoHAB (Fig. 6). Microscopy observations indicated that Microcystis
spp. were abundant in the system in summer from June to August 2019 along with centric
diatoms (quantitative data is not shown) while Dolichospermum spp. were the dominant
cyanobacteria species later in the year from September to December 2019. Both species were
observed to co-exist during the month of September, largely in non-plume stations.

Figure 6: Microcystis sp. (top) from station T19 on 8/22/2019 and Dolichospermum sp. from
station D2 on 9/4/2019 (bottom).
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Spatial Variability of CyanoHAB
Pigment concentrations along the transect were also used to spatially depict the
phytoplankton and cyanobacteria biomass and bloom development along the transect (Fig. 5a).
Statistical analysis showed that chl a concentrations differed significantly between plume and
non-plume stations (p = 0.0002). During the first opening of the spillway (February 27-April 11,
2019), overall phytoplankton biomass was suppressed as represented by chl a concentration
(4.60 ± 3.10 µg L-1) (Fig. 5a) at relatively low levels throughout the transect but with an
increasing trend with distance from the spillway (Fig. 5a). During the second BCS opening (May
10- July 27, 2019), another plume was formed from the input of river water and further
prevented the growth of phytoplankton in stations near the BCS with chl a concentration within
the plume (D2-T14) averaging 2.98 ± 5.28 µg L-1 while stations outside of the plume averaged
27.20 ± 16.87 µg L-1, almost 10 times higher (Fig. 5). After closure, the phytoplankton were
more evenly distributed throughout the transect as depicted on July 29 where the average chl a
concentrations were 16.93 ± 15.52 µg L-1 for stations within the plume and 21.89 ± 15.64 µg L-1
for stations outside of the plume. After the closure, on August 2, 2019, a bloom formed
averaging 34.92 ± 11.36 µg L-1 throughout the transect (Fig. 5a). By August 22, 2019, the chl a
concentration had declined to levels averaging 5.93 ± 3.02 µg L-1 in the whole transect.
Comparatively, the northern stations produced much higher chl a concentrations than the
transect stations from November to the end of December. Limited data is available due to the
addition of these northern sites occurring late in the sampling period. For November, only the
transect sites near the middle of the lake (T17-T19) were sampled due to harsh weather
conditions. Their average chl a concentration in the transect was 4.30 ± 1.70 µg L-1 while the
northern stations (N1-N3) averaged 140.75 ± 215.21 µg L-1 despite low temperatures during this
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time of the year. In December, sites T17-T19 chl a averaged 3.55 ± 2.18 µg L-1 while N1-N3 still
remained high averaging 51.36 ± 59.74 µg L-1.
To assess the cyanobacteria specific biomass, PC pigment was also measured along the
transect and northern stations. Samples for PC were available starting from July 9, 2019, to
December 5, 2019. Strong difference was depicted on July 9, 2019, when stations within the
plume averaged 31.17 ± 5.28 µg L-1 while stations outside of the plume averaged 619.86 ±
246.38 µg L-1. After the second closure, the plume and estuary water were mixed resulting in less
variance among plume and non-plume stations and an average PC concentration of 105.6 ± 79.2
µg L-1 for July-August throughout the transect (Fig. 5b). Post bloom, on September 4, 2019,
transect stations closer to the BCS (D2-T14) had 3.4 times higher average PC concentrations
(368.12 ± 252.81 µg L-1) when compared to non-plume stations (T15-T19) (107.38 ± 16.83 µg L1

). This trend continued into October where PC concentrations for stations near the BCS

averaged 106.23 ± 37.74 µg L-1 while non-plume stations averaged 88.48 ± 10.44 µg L-1.
Although PC was greater in the stations closer to the BCS, October microcystin concentrations
averaged lower (0.017 ± 0.016 µg L-1) when compared to non-plume stations (0.130 ± 0.16 µg L1

). The transect (T17-T19) average PC for November was 32.90 ± 10.00 µg L-1 while PC for the

northern stations was much higher at 334.83 ± 45.94 µg L-1. Despite the large difference in
transect and northern stations’ (N1-N3) PC concentrations, MC concentrations did not drastically
differ between the transect MC concentrations averaging 0.033 ± 0.016 µg L-1 and the northern
stations averaging 0.071 ± 0.014 µg L-1 except much higher toxin concentrations seen in N1
(0.58 ± 0.07 µg L-1). PC concentrations averaged 30.07 ± 14.78 µg L-1 in the transect (T17-T19)
and 308.90 ± 142.12 µg L-1 in the northern stations (N1-N3) in December. The complementary
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MC concentrations for December were 0.06 ± 0.04 µg L-1 for transect stations and 0.13 ± 0.22
µg L-1 for northern stations.

29

Discussion
The Lake Pontchartrain Estuary received the highest volume of diverted Mississippi
River freshwater in its history (28.69 km3) during the two historical, successive openings of the
BCS in 2019. Large volumes of freshwater discharge resulted in the formation of a freshwater
plume, which impacted much of the water column characteristics and subsequently
phytoplankton biomass and community dynamics at historical transect stations in the estuary.
Changes in environmental characteristics such as salinity, temperature, turbidity and subsequent
light and nutrient availability all impact the shift in phytoplankton dynamics and communities
(Paerl 1988; Cloern 1999; Quinlan and Phlips 2007). Although an overall trend can be predicted
based on environmental characteristics, the dynamics that drive phytoplankton succession are
also dependent on multiple complex interactions between species (Fernández et al. 2015).
In 2019, during the time of the river diversions, the freshwater plume remained
distinguishably separate from the rest of the estuary. This river pulse resulted in the estuary’s
NO3 and SRP concentrations to substantially increase. After the final spillway closure on July
27, 2019, the plume and the rest of the estuary gradually became calmer and more evenly mixed
as indicated by low TSS and high SDD measurements across the transect stations. As TSS
decreased and SDD increased (plume collapsed), phytoplankton biomass (represented by chl a
concentration) increased. This “collapse” of the plume associated nutrient pool has historically
dissipated due to uptake by phytoplankton within 21 days of the end of river discharge but has
taken as long as 87 days when the spillway opening is very early in the year (Bargu et al. 2011,
Roy et al. 2013). The 2019 nutrient plume rapid collapse of 12 days is likely related to the
warmer water temperatures during the time in August (30.96 ± 0.71°C) driving accelerated
growth of phytoplankton compared to previous 2008 and 2011 spillway openings.
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Before the first 2019 BCS opening, the salinity in the transect stations depicted a gradient
of higher salinity (2) in stations furthest from the spillway to low salinity (0.16) in the stations
closest to the spillway. During the first opening (February 27 – April 11, 2019), an input of 11.35
km3 of river water reduced this gradient as the salinity in the entire transect declined below 0.5.
Upon the second opening (May 10, 2019), the salinity further declined below 0.2 as an additional
17.34 km3 of river freshwater was introduced into the estuary. The salinity throughout the
transect remained uniformly depressed until December 2019 as storms began introducing salt
water from the Gulf of Mexico back into the estuary as seen in mid-estuary stations (T17-T19)
(Fig. 3a). This extended period of low salinity depicts a well-mixed system for a large portion of
2019 and significant isolation from the coastal waters due to the limited connections with the
Gulf of Mexico through 2 narrow inlets.
Generally, optimum water temperatures for cyanobacteria growth are > 25 °C as opposed
to diatoms and green algae, which can grow at cooler temperatures (Paerl and Huisman, 2008),
and therefore, have an advantage in warmer temperatures (Jöhnk et al., 2008; Elliot et al., 2006).
The initial inflow of colder Mississippi River freshwater lowers the temperature in Lake
Pontchartrain Estuary; however, the water temperature quickly increases as air temperature
increases in summer months (Fig. 3b). Since the spillway was opened for a second time during
the warmer season in 2019, the cyanobacteria present in the estuary were able to grow rapidly
compared to the phytoplankton present during the first spillway opening in the colder months.
Timing of the BCS openings not only had an impact on the environmental data but also
influenced the phytoplankton community composition. During the second opening (July 9 – July
29), diatoms and chlorophytes dominated throughout the transect stations due to their presence in
the riverine water flowing into the estuary. However, in non-plume stations further away from
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the BCS, Microcystis spp. was observed at relatively low abundance. Microcystis spp. at the time
was usually in single cells, not in colonies but bound to detritus in samples. The 2019
observation of diatoms and chlorophytes dominant in July is different from observations noted
by Bargu et al. (2011) and Mize & Demcheck (2009) when during the spillway year of 2008
diatoms and chlorophytes are usually dominant in the cooler spring months. Mize & Demcheck
(2009) and Bargu et al. (2011) have both reported that diatoms and chlorophytes dominated the
system when river water was introduced into the estuary during the spring 2008 BCS opening.
They also documented that in summer months, after a period of the spillway closure, there was a
shift from diatoms to cyanobacteria which correlated with more stable, warmer, nutrient-limited
water conditions. In contrast to 2008, the 2011 BCS event (May 9 to June 20, 2011) had no
observed CyanoHAB nor did cyanobacteria ever gain dominance over other phytoplankton
(chlorophytes, diatoms, and dinoflagellates) present in the water column due to a rapid nitrate
collapse (Roy et al., 2013). There was very little discharge from the north shore in 2011,
suggesting either nutrients or algal sources in the watershed could lead to estuarine blooms in
late summer.
Bargu et al. (2011) and Roy et al. (2013) observed a rapid decrease in NO3 concentrations
within 3 weeks of a spillway closure when water temperatures were high (> 25 °C). Much of
NO3 + NO2 associated with spillway diversion is either assimilated by phytoplankton via
biological uptake or transported to the Gulf of Mexico since denitrification in sediments only
accounts for a small percentage (3% in 2008) of NO3 removal in Lake Pontchartrain Estuary
(Roy and White, 2013). A sediment resuspension event led to an increase in SRP in July 2019
due to the physical disturbance of Hurricane Barry. Resuspension of bottom sediments has been
shown to increase water column SRP concentrations in shallow systems (Havens et al, 2001).
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Overall, in 2019, there was an inverse relationship between bioavailable nutrients and
phytoplankton biomass observed. Nutrients became depleted quickly after the spillway’s final
closure due to the biological uptake driven by the cyanobacteria bloom formation (Fig. 4b, c).
During this period, the chl a and phycocyanin concentrations in the transect were similarly high
throughout, regardless of station location. This trend highlights the importance of the BCS
duration of operations and the significance of the closing’s influence on the foundation of bloom
formation. If the duration of the spillway’s opening extends into and ends in the summer months,
cyanobacteria are more likely to proliferate than other phytoplankton species due to the
combined optimum conditions such as high bioavailable nutrients, warmer surface temperature
(>25 °C), and reduced turbidity that select for more harmful species (Microcystis and
Dolichospermum).
During the first opening of the BCS, cooler temperatures and the low residence time
associated with the influx of diverted river water into the estuary suppressed any phytoplankton
nutrient uptake or specifically cyanobacteria growth in the transect. A plume near the BCS
formed during the BCS openings due to the pulse of river water and remained separate from the
rest of the estuary water at these times. This separation of plume and estuary water corresponded
to varying phytoplankton and cyanobacteria biomasses in transect stations considered within
(D2-T14) and outside (T15-T19) of the plume. The spatial distribution of the observed blooms
shows that stations near the BCS (D2-T15; 0.59-14.43 km) are less likely to support high
phytoplankton biomass due to high flow of discharged river water that created a turbid
environment with low water residence time. The proliferation and peak of the CyanoHAB
occurred in August, shortly after the second closure of the spillway, when waters became less
turbid throughout the entire transect and nutrients availability was high.
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When comparing plume and non-plume phytoplankton abundance, non-plume stations
were observed to have two peaks. The first peak occurred in non-plume stations right before the
final closure while the plume stations remained low due to low water clarity (high SDD) in these
stations which resulted in light limitation preventing the success of the phytoplankton (Fig. 3c).
The second peak was observed 6 days after the final closure (August 2, 2019) in both plume and
non-plume stations as the water column became calmer and increased in clarity throughout the
transect as depicted by SDD (Fig. 3c). Similarly, there was an observed increase in cyanobacteria
biomass as PC pigment concentration peaked in non-plume stations during the second opening;
however, limited sampling dates for PC pigments prevents a claim of a true peak in biomass for
cyanobacteria during this time. A second peak was observed on September 4, 2019, in plume
stations as corresponding chl a concentration decreased (Fig. 5a, b). This post closure increase in
biomass in plume stations could be influenced by the leakage associated with the BCS bays
which could supply the plume stations with nutrient-rich freshwater with low turbidity (Huang et
al., 2020).
Particulate microcystin toxin production was observed to peak in non-plume stations
during the sampling period of July – December 2019. However, microcystin concentration did
not correlate to cyanobacteria biomass. For example, while toxin concentrations were similar
between transect and northern stations during the November and December sampling periods,
northern stations had higher cyanobacteria biomass (10-15 times more) compared to transect
stations, yielding lower cellular toxicity. Lower cellular toxicity in this case is a result of the
release of intracellular toxin into the water column. Previous research suggests that observed
high cyanobacteria biomass with low intracellular toxin concentration could be explained by
external physical and environmental stressors, which lead to an extracellular release of toxin
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(Ross et al., 2006). Cyanobacteria could become stressed, and toxin release is thought to be
regulated by changes in temperature, salinity, or oxidative stress caused by environmental
variability (Walls et al., 2018; Ross et al., 2006; Ross et al., 2018).
In November – December, the north shore stations exhibited high biomass with low
intracellular toxin concentrations when compared to non-plume transect stations. However, when
comparing north shore and non-plume stations’ extracellular toxin concentration, during the
same period, north shore stations had 10 times higher extracellular toxin concentration. This
difference in intracellular and extracellular toxin can be important in understanding the potential
fate and contamination of microcystin in food webs in Lake Pontchartrain Estuary as a result of
CyanoHABs. Intracellular toxins are most impactful in zooplankton grazing where zooplankton
exhibit the highest bioaccumulation of MC when compared to crustaceans, bivalves, and
gastropods (Ferrão-Filho & Kozlowsky-Suzuki, 2011). Extracellular toxins, however, can adsorb
to organic material in the water column. This adsorption can transport microcystin into benthic
regions of the estuary and subsequently directly impact benthic organisms. Although
bioaccumulation of cyanotoxins do occur, overall microcystin is more likely to biodilute through
the food chain based on observed low biomagnification in consumers (Kozlowsky-Suzuki et al.,
2012).
A series of field and laboratory experiments conducted in Lake Eerie by Horst et al.
(2014) suggests that nitrate limitation is an important driver in the overall production of MC by
Microcystis spp. Also, the quota of microcystin in these experiments was independent from
growth rates. Other cyanobacteria species commonly observed in the Lake Pontchartrain
Estuary, such as Dolichospermum sp., however, can produce multiple toxins apart from
microcystin including anatoxin, cylindrospermopsin, and saxitoxin (EPA, 2021). Although these
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toxins pose a significant threat to the ecosystem and public health, the determinative factors
behind a specific toxin’s production are not known. The selective enzyme plates used in this
study were only able to measure microcystin-LR, therefore, the potential production of other
toxins produced during the time Dolichospermum spp. was dominant (September – December
2019) would go undetected by our toxin analysis.
Corresponding microscopy observations depict Microcystis spp. as the main
cyanobacteria species present in July – early August although it did not dominate over other
groups such as centric diatoms and chlorophytes (data is not shown). Microcystis spp. during
spillway openings were either single cell or small colonies due to the turbid environment
associated with the BCS discharge. In late August, Dolichospermum spp. became the dominant
species throughout the rest of the year of 2019 as SRP and NO3 became less available. This shift
in cyanobacteria species presence is likely due to Dolichospermum spp. ability to fix atmospheric
nitrogen. Dolichospermum spp. is known to thrive in conditions of low nitrate while Microcystis
spp. succeeds in conditions of low phosphorus and high nitrogen (Thompson et al., 1994; Bargu
et al., 2011; Chia et al., 2018). It is important to note that the transect station microscopy
observations are not a comprehensive depiction of the entire estuary’s phytoplankton
composition during 2019. It was observed that the most active bloom sites during 2019 were
more proximal to shorelines.
As climate change occurs and temperature rise ensues, CyanoHABs are occurring earlier
and more frequently each year, and they are posing a severe and increasing threat to the
accessibility and sustainability of freshwater resources (Kravchuk et al., 2005; Kosten et al.,
2012). The data presented in this study contributes to the mechanistic understanding and may
assist prediction of CyanoHABs in the Lake Pontchartrain Estuary which will greatly contribute
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to the overall future health and understanding of the Lake Pontchartrain basin and connected
Mississippi Sound. CyanoHABs negatively impact fisheries, wildlife, and the public health, and
characterizing the predictable key environmental conditions leading to the proliferation of
CyanoHABs in the Lake Pontchartrain Estuary would aid scientists and resource managers in
predicting these blooms resulting from future river floodwater releases.
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Conclusion
Our nearly yearlong study of the impacts of the timing and duration of the opening of the
Bonnet Carré Spillway in 2019 led us to conclude that the timing and duration of the spillway
operations had major implications on the ecological response of the estuary. Since the spillway
was opened for a second time during the warmer season, the cyanobacteria present in the lake
were able to grow exponentially compared to the cyanobacteria during the first spillway opening
in the colder months. The PC pigment data showed that cyanobacterial biomass in the transect
was dependent on a spatiotemporal scale due to the proximity to the BCS discharge. Similarly,
stations in the north shore sampled in November and December, had 10-15 times more
cyanobacterial biomass when compared to the transect stations at the time due to the north shore
station’s proximity to the Tchefuncte River.
The spillway plume stations experienced only one peak in cyanobacterial biomass after
the second closure on August 4, 2019, when turbidity decreased significantly. Comparatively, the
non-plume stations experienced its peaks in cyanobacterial biomass during the second opening.
The peaks in cyanobacterial biomass correlated to the depletion of nutrients. The nutrient
availability during 2019 also correlated to dominant cyanobacteria species present where non-N
fixing species, Microcystis spp., were dominant from July – August. However, once the NO3
became limiting, there was an ecological shift to N-fixing species, Dolichospermum spp.
Furthermore, a resuspension event observed in July caused by Hurricane Barry provided the
estuary with a significant increase in SRP.
Particulate toxin correlated to cyanobacterial biomass, but not equally. There was an
observed peak in particulate toxin on August 4, 2019, while the dissolved toxin concentration
peaked later in the year on October 14, 2019, as the cyanobacterial biomass steadily decreased in
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the transect. Since the fate of CyanoHABs are reliant on nutrient loading and coupled physical
dynamics, it is necessary that future effects of sources like the Bonnet Carré Spillway and
northern tributaries have on Lake Pontchartrain Estuary’s water quality and ecosystem be
continuously evaluated through research.
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